Interaction with the pulmonary surfactant film, being the first line of host defense, represents the initial bio-nano interaction in the lungs. Such interaction determines the fate of the inhaled nanoparticles and their potential therapeutic or toxicological effect. Despite considerable progress in optimizing physicochemical properties of nanoparticles for improved delivery and targeting, the mechanisms by which inhaled nanoparticles interact with the pulmonary surfactant film are still largely unknown. Here, using combined in vitro and in silico methods, we show how hydrophobicity and surface charge of nanoparticles differentially regulate the translocation and interaction with the pulmonary surfactant film. While hydrophilic nanoparticles generally translocate quickly across the pulmonary surfactant film, a significant portion of hydrophobic nanoparticles are trapped by the surfactant film and encapsulated in lipid protrusions upon film compression. Our results support a novel model of pulmonary surfactant lipoprotein corona associated with inhaled nanoparticles of different physicochemical properties. Our data suggest that the study of pulmonary nanotoxicology and nanoparticle-based pulmonary drug delivery should consider this lipoprotein corona.
N anoparticle-based pulmonary drug delivery has attracted significant attention due to its ease of administration, increased bioavailability, and reduced side-effects caused by high systemic dosage. 1, 2 On the other hand, accumulating evidence suggests that engineered nanoparticles (NPs) may cause adverse health effects after inhalation, presumably similar to the toxicological effect of ultrafine particulate matters. 3, 4 Due to their small size, a large portion of inhaled NPs can deposit in the distal regions of the lung, at which the aerosolized NPs must first interact with the pulmonary surfactant lining layer of alveoli. 5, 6 The pulmonary surfactant (PS) is a detergent-like substance synthesized by the type II alveolar epithelial cells. It is composed of approximately 90% lipids, mostly phospholipids, and 10% proteins by weight. 7 Four proteins have been found to be associated with PS, named SP-A, -B, -C, and -D. Among these proteins, SP-A and SP-D are large hydrophilic glycoproteins that are members of the Ca 2þ -dependent carbohydrate-binding collectin family. 8 They are only weakly associated with the alveolar surfactant film but rather play a primary role in pulmonary host defense by binding to inhaled particles and pathogens to enhance phagocytic clearance. 8 SP-B and SP-C are smaller and hydrophobic proteins that play a crucial role in regulating the very low, near-zero surface tension in the lung. 9 SP-B and SP-C are known to be necessary for maintaining the normal biophysical function of PS and hence indispensable for air breathing. 9, 10 Therefore, the PS plays a dual role of surface tension reduction and host defense in the lung. Increasing evidence suggests that interactions between PS and NPs are complicated. They are dependent on the physicochemical properties of the NPs 11, 12 and also on the molecular composition, 13, 14 dynamic surface phase behavior, and monolayer biomechanics of the PS. 15 We first experimentally demonstrated the influence of NPs of different hydrophobicity on biophysical properties of an exogenous natural surfactant. Subsequently, we used molecular dynamics (MD) simulations to study the interaction mechanisms between PS monolayers and NPs of various physicochemical properties. MD simulations have provided invaluable insights into the translocation process of NPs through lipid membranes/bilayers. 16À18 Here, we have established a detailed MD model of the protein-containing PS monolayer that mimics the variation of lateral film pressure during the respiratory cycles. This model allowed us to probe lipidÀprotein interactions and to simulate NP translocation and interaction with the PS film. With combined experimental data and MD simulations, we concluded that a fine balance between electrostatic and hydrophobic interactions is responsible for the PSÀNP interaction and the formation of a pulmonary surfactant lipoprotein corona.
RESULTS
Inhibition of Natural PS Exposed to Hydrophilic and Hydrophobic NPs. We first experimentally compared the effects of two representative NPs of different hydrophobicity on biophysical properties of an exogenous natural surfactant, i.e., Infasurf. The two NPs studied here are made of hydroxyapatite (HA-NPs) and polystyrene (PST-NPs). The HA-NPs are derived from bone mineral and have been widely studied for biomedical applications due to their ideal biocompatibility and biodegradability. 19 The highly monodisperse PST-NPs are widely used as a model NP for studying nanotoxicology and bionano interactions. 20 These NPs share a similar hydrodynamic size (∼90 nm) and are both negatively charged (À10 and À26 mV) at neutral pH, but are distinct in their surface hydrophobicity. While the HA-NPs are very hydrophilic, the PST-NPs are hydrophobic in nature.
As shown in Figure 1a , exposure to either NPs at 50 μg/mL (i.e., 1% of surfactant phospholipids) inhibits Figure 1 . Experimental interactions between a natural pulmonary surfactant film (Infasurf) and representative hydrophilic NPs (i.e., hydroxyapatite, HA-NPs) or hydrophobic NPs (i.e., polystyrene, PST-NPs). (a) Effect of 50 μg/mL HA-NPs or PST-NPs (i.e., 1% of surfactant phospholipids) on the compression isotherm of Infasurf at equilibrium (i.e., no more time-dependent isotherm shifting). (b) Lateral structures of the films with and without exposure to NPs, shown at four characteristic surface pressures (π) of 20, 30, 40, and 50 mN/m. The scan area of the AFM images is 20 Â 20 μm; the full z-range is 5 nm for monolayers (at 20, 30, and 40 mN/m), 20 nm for multilayers exposed to HA-NPs (at 50 mN/m), and 150 nm for multilayers exposed to PST-NPs (at 50 mN/m). It is found that both HA-NPs and PST-NPs inhibit the biophysical function of Infasurf, as indicated by shifting the compression isotherm to the left; that is, more area reduction is required to increase surface pressure. AFM reveals that both HA-NPs and PST-NPs inhibit the phospholipid phase transition (at low π) and monolayer-tomultilayer transformation (at high π) of Infasurf. Variations of lateral film structure at 50 mN/m from a uniform matrix structure to a nonuniform structure of isolated high collapse patterns result in unstable surfactant films and thus lead to surfactant inhibition. More importantly, AFM reveals different interaction behaviors between these two NPs of different hydrophobicity and the Infasurf film. While the hydrophilic HA-NPs are not retained by the Infasurf film, a portion of the hydrophobic PST-NPs and agglomerations (labeled by arrows) are trapped by the surfactant films.
ARTICLE the biophysical function of Infasurf, indicated by shifting the compression isotherm to the left; that is, more area reduction was needed to increase surface pressure. It should be noted that although the extent of isotherm shift with Infasurf by both NPs is similar, these two NPs generated different inhibition kinetics. As demonstrated in the Supplementary Figure S1 , the hydrophobic PST-NPs induce faster inhibition than the hydrophilic HA-NPs. The compression isotherms ceased shifting after 7 h exposure to the HA-NPs, 15 but stabilized after only 1 h exposure to the PST-NPs. The more rapid inhibition of surface tension reduction by the hydrophobic PST-NPs relative to the hydrophilic HA-NPs clearly implies a difference in the NPÀPS interaction mechanism. Figure 1b shows the lateral structures of pure Infasurf film and Infasurf with 50 μg/mL (i.e., 1% of surfactant phospholipids) HA-NPs or PST-NPs at characteristic surface pressures. Atomic force microscopy (AFM) topography images clearly reveal agglomerations of hydrophobic PST-NPs at the Infasurf monolayers. In contrast, no HA-NPs or particle agglomerations are detected at the interface, indicating that these hydrophilic NPs are not retained by the Infasurf monolayer at any surface pressure. Retention of the hydrophobic PST-NPs at the Infasurf monolayer is in line with their more potent inhibitory potential than the hydrophilic HA-NPs.
It is important to note that regardless of their different interaction behaviors, both NPs significantly altered the lateral structure of the Infasurf film. At surface pressures of 20À40 mN/m, both NPs inhibit phospholipid phase transition at the interfacial monolayer, as indicated by reduction in domain formation. This is consistent with the increased film compressibility shown by the compression isotherms. 7, 21 At a surface pressure of 50 mN/m, both NPs alter the lateral film structure from a highly stable conformation of uniformly distributed lipid protrusions to an unstable nonuniform film structure with isolated and extended collapse patterns. Especially, the hydrophobic PST-NPs induce formation of extreme protrusions as high as 150 nm, which are observed on top of the 18 nm high multilayered lipid protrusions. As will be shown later by our in silico study, these extreme protrusions could correspond to hydrophobic PST-NPs encapsulated within lipid protrusions after local collapse of the PS film upon compression.
Our previous experimental study has demonstrated adsorption of surfactant proteins onto HA-NPs. 15 Since the surfactant proteins are expected to promote and stabilize fusion necks between bilayer protrusions and the interfacial monolayer, 22À24 alteration of lateral film structure and inhibition of surface activity after exposure to NPs can be indeed due to protein depletion or denaturation after adsorption onto NP surfaces, although the detailed molecular mechanism involved is still unclear.
Molecular Dynamics Simulations of NP Translocation across a Static PS Monolayer.
To understand the mechanism of PSÀNP interaction, we have established a detailed MD model to simulate particle translocation and interaction with the PS film. Our coarse-grained (CG) model system consists of 70 mol % dipalmitoyl phosphatidylcholine (DPPC) and 30 mol % palmitoyl-oleoyl phosphatidylglycerol (POPG), doped with 1.8 wt % SP-B peptide (SP-B 1À25 ) and 2.4 wt % SP-C. Although the chemical composition of this model system is considerably simpler than the natural PS, it contains both zwitterionic (PC) and anionic (PG) lipid headgroups, both disaturated (dipalmitoyl) and unsaturated (palmitoyl-oleoyl) acyl chains, and both hydrophobic surfactant protein peptides. Similar model systems have been experimentally proven to simulate certain biophysical properties of the natural PS, such as dynamic surface activity, 13 phospholipid phase separation, and squeeze-out of fluid phospholipids upon film compression. 25, 26 We first simulated the particle translocation through a static PS monolayer without lateral compression. As shown in Figure 2a , the equilibrium position of the NP after interacting with the PS monolayer is primarily determined by the hydrophobicity of the NP. While all hydrophilic NPs penetrate the monolayer, all hydrophobic NPs are trapped at the airÀwater interface (i.e., z = 0). (See Supplementary Figure S2 for the coordinate system of our simulations and Figure S3 for schematics of MD models.) Compared to hydrophobicity, surface charge of the NP plays a secondary role in affecting the equilibrium position after interacting with the PS monolayer. For example, it appears that the cationic hydrophilic NP has an equilibrium position closer to the interfacial monolayer, in comparison with the neutral and anionic hydrophilic NPs. This is likely due to electrostatic attraction between anionic PG molecules at the interface and the cationic NP. (See Supplementary Figure S4 for additional MD simulations of lipidÀNP interactions.)
To better understand the translocation process, we analyzed the potential of mean force (PMF) for the NPÀPS interaction. As shown in Figure 2b , all hydrophilic NPs demonstrated local energy minima in the water phase; in contrast, the energy minima associated with all hydrophobic NPs are located at the airÀwater interface, indicating trapping of NPs by the surfactant monolayer. Figure 2c and d demonstrate the translocation process for two representative NPs, i.e., an anionic hydrophilic NP and an anionic hydrophobic NP. They clearly demonstrate the effect of hydrophobicity of the NP on its translocation behavior, as predicted in Figure 2a and b. Interestingly, we found that the anionic hydrophilic NP adsorbs and pulls SP-B 1À25 (in purple) but not SP-C (in orange) out of the PS monolayer. This selective pulling behavior of the anionic NP has also been confirmed with interaction ARTICLE between the NP and dynamic PS monolayers, which will be discussed next.
Correlated Experimental and Molecular Simulation Study of Compressed PS Monolayer. To closely simulate the dynamic surface activity of PS, we subjected the surfactant monolayer to lateral compression that mimics exhalation. Meanwhile, we have compared our MD results to those experimentally obtained with Infasurf. As shown in Figure 3 , compression isotherms obtained in silico and in vitro show good agreement. As the monolayer was compressed, surface pressure first increased rapidly and reached a plateau around the equilibrium spreading pressure of the PS (i.e., 45À50 mN/m). 7 Although having different length and time scales, the MD simulations and AFM show qualitatively consistent molecular organization and lateral film structure during the compression process. Both MD and AFM clearly demonstrate that during the plateau region the PS film undergoes a monolayer-to-multilayer transition in which 3D multilayered lipid protrusions developed gradually from the 2D PS monolayer through localized film collapse. The MD simulations also show that the fusion necks/pores at which the monolayer collapsed are stabilized by SP-B/C (Supplementary Movie 1), consistent with previous MD. 23, 24, 27 This correlated MD and AFM observation confirms the nucleation-and-growth theory of overcompressed insoluble monolayers 28 and our previous experimental study on the collapse mechanism of PS monolayers. 29 Molecular Dynamics Simulations of PSÀNP Interactions. Having established the MD model for the dynamic natural PS, we studied the interaction between the PS monolayer and NPs of different hydrophobicities and surface charges. The CG models for NPs were built to be compatible with the MARTINI CG force field for proteins and lipids. 30, 31 Each nanoparticle contained 1721 CG beads arranged in a face-centeredcubic arrangement. The diameter of the final NP was approximately 5 nm. Figure 4 shows the interaction between hydrophilic NPs of different surface charges (a, cationic; b, neutral; and c, anionic) and the PS film, each at three different compression stages (monolayer, transition, and multilayer, corresponding to the three molecular areas shown in Figure 3 ). We found that all hydrophilic NPs quickly penetrate the surfactant monolayer. During the translocation process, the anionic NP (but not cationic or neutral NPs) selectively adsorbs and pulls SP-B 1À25 (but not SP-C) out of the interfacial monolayer (Supplementary Movies 2À4). Figure 5 shows the PS interaction with hydrophobic NPs. It was found that upon contact with the PS monolayer, all hydrophobic NPs are immediately coated with a lipid monolayer and encapsulated within the lipid protrusions upon film compression (Supplementary Movies 5À7). To clearly demonstrate molecular interactions at the NP surfaces, we removed lipid molecules from the front view of the encapsulated NPs. As shown in the insets in the last row of Figure 5 , all NPs are coated with a lipid monolayer via hydrophobic tail interactions. More interestingly, we found that, consistent with hydrophilic NPs in Figure 4 , only the anionic NP (in blue) selectively adsorbs SP-B 1À25 (in purple). For cationic or neutral NPs, although a point The three columns show the interaction between the pulmonary surfactant film and a cationic NP (in red), a neutral NP (in black), and an anionic NP (in blue), respectively. In each column, the pulmonary surfactant film is compressed into three stages (i.e., 60.0, 51.4, and 44.1 Å 2 /moelcule) that correspond to those shown in Figure 3 . It is found that the hydrophilic NP generally penetrates the pulmonary surfactant film regardless of its surface charges. SP-B1À25 (in purple) selectively adsorbs to the surface of the anionic NP and is pulled out of the surfactant film. Color code used in MD simulations: DPPC in green; POPG in yellow; SP-B1À25 in purple; SP-C in orange; cationic particle in red; neutral particle in black; and anionic particle in blue. ARTICLE alveolar epithelium cells, extracellular basement membrane, and capillary endothelium cells. The PS film at the airÀwater interface of alveoli is only the initial barrier of this pathway. The actual translocation behavior of engineered NPs can be complicated and depends on both the physicochemical properties of NPs and the model used for evaluation. 32 Nevertheless, our in vitro and in silico findings on the retention of hydrophobic NPs are in good agreement with previous ex vivo and in vivo translocation data. 33À35 Nemmar et al. found that after intratracheal instillation in isolated perfused rabbit lungs PST-NPs (24À190 nm) with different charges were mainly located in the alveolar region without translocation into the vascular compartment. 33 Chen et al. found that only 1À2% intratracheally instilled radiolabeled PST-NPs (56À200 nm) in rats can translocate from the lungs. 34 Similarly, Mills et al. found that carbon-based NPs, even at very small sizes (4À20 nm), remained in the lungs up to 6 h after inhalation by healthy volunteers. 35 Surface Charge of NPs Regulates Formation of PS Lipoprotein Corona. Adsorption of surfactant proteins and/or lipids onto surfaces of engineered nanomaterials, such as multiwalled 36 and single-walled carbon nanotubes 37 and metal oxide NPs, 38, 39 has been reported. However, these previous studies mainly focused on the two large hydrophilic glycoproteins SP-A and SP-D. Different from previous studies, the present MD simulations focused on the two small apolipoproteins SP-B and SP-C. Both proteins are hydrophobic, positively charged (pI = 8À9), tightly associated with the alveolar surfactant lining layer, and essential for regulating surface activity of PS film during normal tidal breathing. 9, 10 We found that the anionic NP selectively adsorbs SP-B 1À25 , but not SP-C. (See Supplemental Figure S5 for additional MD simulations that confirmed the specificity of this interaction.) Consequently, the anionic hydrophilic NP can pull SP-B 1À25 , but not SP-C, out of the interfacial surfactant monolayer (Figure 4 ). Although the anionic hydrophobic NP is trapped by the PS film, it also selectively adsorbs SP-B 1À25 onto the particle surface ( Figure 5 ).
Both experimental and MD studies have shown that SP-B 1À25 represents certain properties of the full-length SP-B. 40, 41 As shown in the Supplemental Figure S6 , SP-B 1À25 contains the 1À25 N-terminal residues of the SP-B molecule. Compared to the 35 amino acid long SP-C molecule, SP-B 1À25 has a higher positive charge density but is significantly less hydrophobic than SP-C. Therefore, compared to SP-C, SP-B 1À25 is subject to a higher electrostatic pulling by the anionic NP but less hydrophobic retention due to the interfacial phospholipid monolayer, thus being susceptible to being pulled out of the interfacial monolayer. Our data therefore indicate that a fine balance between electrostatic and hydrophobic interactions is responsible for the NP translocation and interaction with the PS monolayer.
Adsorption of surfactant protein peptides onto anionic NPs can have a significant adverse impact on the biophysical function of the PS. Protein denaturation and conformational change are not unexpected after adsorbing onto the NP surfaces. This PSÀNP interaction mechanism may explain the inhibitory effect of Figure 5 . Computer-simulated interaction between a hydrophobic nanoparticle (NP) of different surface charges and a pulmonary surfactant film under increasing compression. (aÀc) The three columns show the interaction between the pulmonary surfactant film and a cationic NP (in red), a neutral NP (in black), and an anionic NP (in blue), respectively. In each column, the pulmonary surfactant film is compressed into three stages (i.e., 60.0, 51.4, and 44.1 Å 2 /moelcule) that correspond to those shown in Figure 3 . It is found that the hydrophobic NP is generally trapped by the pulmonary surfactant film, preferably located at the hydrophobic core of the lipid fold under compression. To clearly demonstrate molecular binding at the NP surface, insets in the last row show interactions between the NP and surfactant proteins/lipids, with the lipid molecules removed from the front view. It clearly shows that only the anionic NP (in blue) can selectively adsorb SP-B1À25 (in purple). For cationic or neutral NPs, although a point contact is possible, SP-B 1À25 remains associated with the phospholipids without adsorbing onto the NP surfaces. Color code used in MD simulations: DPPC in green; POPG in yellow; SP-B1À25 in purple; SP-C in orange; cationic particle in red; neutral particle in black; and anionic particle in blue.
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NPs on Infasurf (Figure 1 ). This interaction mechanism is also in line with recent experimental data reported by Beck-Broichsitter et al. 12 These workers found that negatively charged polymeric NPs significantly inhibited surface activity of a protein-containing natural PS, while positively charged NPs showed no effect on surface activity. They also found that hydrophobic NPs inhibited the natural PS more than hydrophilic NPs, likely due to retention of the NPs at the surfactant film. 12 It has been reported that reducing SP-B content to less than 25% of normal levels in adult mice caused lethal respiratory failure. 42 The SP-B half-life in neonates was found to be about 10 h, which turns over much quicker than phospholipids. 43 Hence, the rapid surfactant inhibition induced by NPs, i.e., effective within 1 h after particle exposure, can be indeed physiologically relevant.
Lesniak et al. have shown that during endocytosis NPs can acquire a corona from native biomolecules of the cell membrane, thus inducing cytotoxicity. 44 The biomolecular corona formed when passing through endogenous biological media determines the biological identity of the NPs and hence their subsequent recognition by the biological machinery. 6 Together with previous studies on surfactant glycoproteins (SP-A and SP-D) 38, 39 and phospholipids, 37 our MD simulations suggest that inhaled NPs can acquire a lipoprotein corona from endogenous PS and may consequently inhibit the biophysical function of the PS. The structure of this PS lipoprotein corona depends on the physicochemical properties of the inhaled NPs, perhaps similar to the high-density lipoprotein corona mediated by apolipoprotein A-I. 45 Implications to Nanotoxicology and Pulmonary Drug Delivery. Our findings have implications for understanding nanotoxicology and design of NP-based pulmonary drug delivery. Since the PS film forms the first alveolar capillary barrier against inhaled particles, any in vitro study of inhalation nanotoxicology or pulmonary drug delivery should consider the NPÀPS lipoprotein complex instead of the pristine NPs. It has been shown that incubating NPs with protein-containing natural PS can significantly reduce subsequent adsorption of cell plasma proteins onto the NP surfaces, 46 trigger NP phagocytosis, 39, 47 affect the oxidative potential of multiwalled carbon nanotubes, 48, 49 and even vary the biodistribution and biokinetics of NPs translocated into secondary organs. 50, 51 All these results are consistent with the formation of the PS lipoprotein corona. These results suggest that the PS lipoprotein corona not only affects the biophysical properties of the PS film but also plays an important role in regulating subsequent biomolecular exchange on NP surfaces, interaction with lung cells, and particle translocation to various organs and tissues.
For NPs made for pulmonary drug delivery, our simulations suggest that hydrophobic NPs, such as carbon-based nanomaterials, can be trapped at the surfactant lining layer and consequently lead to prolonged retention and increased inflammation potentials. 52, 53 Hydrophilic NPs are ideal for systemic drug delivery due to their rapid translocation to secondary organs and tissues. 50 However, anionic NPs (such as the carboxylic-modified NPs) may inhibit the biophysical function of the endogenous surfactant by binding to surfactant protein(s). Since cationic NPs (such as the amino-modified NPs) may be taken up by cells and cause acute cytotoxicity, 50 our data suggest that neutral NPs might be the safest for pulmonary drug delivery.
CONCLUSIONS
With combined MD simulation and experimental observation, our data suggest formation of a PS lipoprotein corona on inhaled NPs. Hydrophobicity and surface charges of the NPs were found to play an important role in regulating particle translocation across the PS film and formation of the lipoprotein corona. Other physicochemical properties, such as size, shape/aspect ratio, and aggregation state of the NPs, may also affect their interaction potential with PS, thus being subjects of our future study. Together with previous experimental studies, our simulations indicate that interaction with the PS and formation of lipoprotein corona not only affect the biophysical properties of the PS film but also play an important role in regulating subsequent biomolecular exchange on NP surfaces, interaction with lung cells, and particle translocation to various organs and tissues. Our data therefore suggest that any in vitro study of inhalation nanotoxicology or NPbased pulmonary drug delivery should consider this NPÀPS lipoprotein complex instead of the pristine NPs.
METHODS
Pulmonary Surfactant. Infasurf (calfactant) is a gift from ONY, Inc. (Amherst, NY, USA). It is a modified natural surfactant prepared from lung lavage of newborn calves by centrifugation and organic solvent extraction. Infasurf contains all hydrophobic components of the bovine natural surfactant. 25 Hydrophilic surfactant protein (SP-A), however, was removed during the extraction process. Infasurf was stored frozen in sterilized vials with an initial concentration of 35 mg total phospholipids per milliliter. On the day of experiment it was diluted to 5 mg/mL by a saline buffer of 0.9% NaCl, 1.5 mM CaCl 2 , and 2.5 mM HEPES, adjusted to pH 7.0.
Nanoparticles. Hydroxyapatite nanoparticles (HA-NPs) were synthesized by a technique described elsewhere. 15, 54 Polystyrene nanoparticles (PST-NPs) with a standard size of 92 ( 3 nm were purchased from Thermo Scientific (3090A Nanosphere Size Standards, Fremont, CA, USA). These PST-NPs are NIST traceable particle size standards used for calibrating electron and atomic force microscopes. Both NPs were characterized for their hydrodynamic size, surface charge, and surface hydrophobicity.
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The hydrodynamic size and zeta potential of the NPs were determined at a dilute particle concentration of 0.01 mg/mL under the same buffering condition of the natural PS, i.e., 0.9% NaCl, 1.5 mM CaCl 2 , and 2.5 mM HEPES, at pH 7.0. The hydrodynamic sizes of HA-NPs and PST-NPs were measured to be ∼93 and ∼92 nm using a Brookhaven 90Plus/BI-MAS particle sizer (Holtsville, NY, USA). Zeta potentials of the HA-NPs and PST-NPs were determined to be about À10 and À26 mV, using a Brookhaven Zetaplus zeta potential analyzer. Hydrophobicity of the NPs was confirmed by studying adsorption at the airÀwater interface, measured by surface tension variations. 15 LangmuirÀBlodgett Trough. Spread, compression, and LangmuirÀ Blodgett (LB) transfer of surfactant films were conducted with a LB trough (KSV Nima, Coventry, UK) at room temperature (20 ( 1°C). A detailed experimental protocol can be found elsewhere. 15 Briefly, HA-NPs or PST-NPs were first mixed and co-spread with 5 mg/mL Infasurf at a ratio of 1% by weight. The co-spread films were compressed at a rate of 20 cm 2 /min, namely, 0.1% initial surface area per second. For AFM imaging, Infasurf films at the airÀwater interface were transferred to the surface of freshly cleaved mica using the LB technique. Surfactant films at controlled constant surface pressure were deposited onto the mica surface by elevating the previously submerged mica vertically through the airÀwater interface at a rate of 1 mm/min. Deposited films were scanned by AFM within 2 h of deposition.
AFM. Topographical images were obtained using an Innova AFM (Bruker, Santa Barbara, CA, USA). Samples were scanned in air. Each sample was characterized at multiple locations with various scan areas to ensure the detection of representative structures. Both contact mode and tapping mode were used. The different scan modes gave equivalent results. A silicon nitride cantilever with a spring constant of 0.12 N/m and a nominal tip radius of 2 nm was used in contact mode, and a silicon probe with a resonance frequency of 300 kHz and a spring constant of 40 N/m was used in tapping mode. Analysis of the AFM images was performed using Nanoscope software (ver. 7.30).
Molecular Dynamics Simulations. The entire system was simulated with coarse-grained models, which allow molecular simulations at a larger length-scale and longer time-scale than all-atom models. A detailed description about our simulations can be found in the Supporting Information. Briefly, each PS monolayer contained 1120 CG DPPC (green) and 480 CG POPG (yellow) molecules (7:3), doped with 7 CG SP-B 1À25 (purple) and 7 CG SP-C (orange) molecules. The CG models for NPs were built to be compatible with the MARTINI CG force field for proteins and lipids. 30, 31 Each nanoparticle contained 1721 CG beads arranged in a face-centered-cubic arrangement. The diameter of the final NP was approximately 5 nm. The CG bead types P2 and C1 were used for constructing the neutral (black) hydrophilic and hydrophobic NPs, respectively. Qda and Qa were used to modify the surface charge of the particle. Cationic particles are shown in red, and anionic particles are shown in blue. The water slab contained 158 418 CG water beads and 862 Na þ ions to neutralize the system. Please refer to Supplementary Figure S3 for the schematics and color schemes of the simulated CG molecules and particles. All simulations were performed using GROMACS 4.5.4. 55 
